Introduction
============

Osteosarcoma, one of the primary malignant tumors of bone, is the most common bone cancer and accounts for 20% of primary malignant tumors ([@b1-ol-0-0-6747]). Osteosarcoma occurs mainly in youth, with a higher incidence in males ([@b2-ol-0-0-6747]). At present, the treatment of osteosarcoma primarily includes surgery, radiotherapy and chemotherapy and the 5-year survival rate of osteosarcoma ranges from 20 to 75% ([@b3-ol-0-0-6747]). However, there are many chemotherapy-insensitive osteosarcoma patients with a high risk of tumor metastasis and recurrence. Therefore, it is highly important to identify a more effective and stable method for the diagnosis and treatment of osteosarcoma. The activation of proto-oncogenes and the inactivation of tumor suppressor genes can affect the cell cycle and apoptosis, which in turn lead to tumorigenesis ([@b4-ol-0-0-6747]). Therefore, studying osteosarcoma-related tumor suppressor genes at the molecular level to improve the diagnosis and treatment of osteosarcoma has high clinical value.

Tumor suppressor genes can inhibit tumor cell proliferation, oncogenesis, invasion, metastasis, apoptosis and even death and have become a research focus in the field of osteosarcoma gene therapy. The WWOX and p53 genes are classical tumor suppressor genes. WWOX, which is located on chromosome 16q23, spans the entire chromosomal fragile site, FRA16D ([@b5-ol-0-0-6747]). WWOX contains nine exons. The first four exons of WWOX encode the WW domain and exons 5--8 encode the oxidoreductase domain ([@b6-ol-0-0-6747]). WWOX can inhibit tumor cell activity and this inhibitory effect has been reported in a variety of tumors, such as glioma ([@b7-ol-0-0-6747]), lung cancer ([@b8-ol-0-0-6747]) and thyroid cancer ([@b9-ol-0-0-6747]). The p53 gene, which is located on the short arm of human chromosome 17, encodes a protein that can promote DNA repair, transient and sustained cell growth arrest, apoptosis and senescence ([@b10-ol-0-0-6747]). There are two types of the p53 gene, wild-type and mutant. Wild-type p53, which has anticancer effects, can cause apoptosis to eliminate tumor cells ([@b11-ol-0-0-6747]). The common mutation site of mutant p53 is position 143 (from A to G) and mutant p53 can cause tumorigenesis ([@b12-ol-0-0-6747]).

The function of the WWOX gene in osteosarcoma has not been well studied and comparison studies of the wild-type and mutant p53 genes are also rare. In the present study, we examined the effects of stable expression of the WWOX and p53 genes in transfected cell lines. The effects of the WWOX and p53 (wild-type) genes on the proliferation and cell cycle of osteosarcoma cells were assessed by MTT assay and flow cytometry to investigate the relationship between osteosarcoma and the expression of the WWOX and p53 (wild-type) genes. Additionally, the expression of the mutant p53 gene in osteosarcoma tissue was detected by immunohistochemistry to investigate the relationship between the mutant p53 gene and the degree of malignancy of osteosarcoma.

Materials and methods
=====================

### Reagents

The human osteosarcoma cell line, MG-63, was purchased from the Institute of Basic Medical Sciences of the Chinese Academy of Medical Sciences (Beijing, China); plasmids were constructed at the early stage of this project by the team members; Lipofectamine^®^ 2000 was from Invitrogen; Thermo Fisher Scientific, Inc. (Waltham, MA, USA); MTT and RIPA lysis buffer both from Beijing PPLYGEN Technology Co., Ltd. (cat. no. C1053; Beijing, China); TRIzol kit was from Invitrogen; Thermo Fisher Scientific, Inc. (cat. no. 15596026); TransScript^®^ One-Step gDNA Removal and cDNA Synthesis SuperMix kit both from TransGen Biotech Co., Ltd. (cat. no. AT311-02; Beijing, China); FastStart Universal SYBR-Green Master (Rox) kit was from Roche Diagnostics (cat. no 04913914001; Indianapolis, IN, USA); BCA kit was from Thermo Labsystems (cat. no 23225; Santa Rosa, CA, USA); Cell cycle assay kit for flow cytometry was from Baomanbio Co., Ltd. (cat. no. GMS10021.1; Shanghai, China).

Mouse monoclonal wild-type p53 antibody (dilution, 1:500; cat. no. 178924), mouse monoclonal mutant p53 antibody (dilution, 1:500; cat. no. 178379) and HRP-labeled goat anti-mouse secondary antibody (dilution, 1:2,000; cat. no. 197302) were from Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing, China).

### Construction of WWOX and p53-overexpressing MG-63 cell lines through transfection

The recombinant eukaryotic overexpression plasmids of WWOX and p53 were, respectively transfected into MG-63 osteosarcoma cells by liposome transfection to establish cell lines that stably expressed WWOX and p53. These cell lines were named the MW and MP cell line, respectively.

### Cell culture

MG-63 cells were cultured in MEM medium supplemented with 10% fetal bovine serum (FBS). G418 was added to DMEM medium containing 10% FBS to a final concentration of 1,000 µg/ml for culture of transfected MW and MP cells. The cells were cultured at 37°C with 5% CO~2~. When cells were 80--90% confluent, they were subcultured according to the required dilution ratio.

### Quantitative polymerase chain reaction (qPCR)

MW, MP and MG-63 cells under healthy growth conditions were collected at the logarithm growth period. Total cellular RNA was extracted using TRIzol reagent and RNA was reverse transcribed into cDNA according to the instructions of the TransScript^®^ One-Step gDNA Removal and cDNA Synthesis SuperMix kit. The primer sequences of WWOX, p53 (wild-type) and the endogenousv GAPDH gene were designed with reference to a large number of studies ([Table I](#tI-ol-0-0-6747){ref-type="table"}). All primers were synthesized by a third party. qPCR was carried out using the FastStart Universal SYBR-Green PCR Master (Rox) kit and the relative expression of each gene was calculated using the 2^−ΔΔCq^ method.

### Western blot analysis

MW, MP and MG-63 cells under healthy growth conditions were collected at the logarithm growth period. Cells were lysed with lysis buffer and total protein was extracted. Total protein concentration was determined using a BCA kit. Protein samples were subjected to (SDS-PAGE), after which protein was transferred to PVDF membranes using a semi-dry method. The membranes were blocked with 5% skimmed milk, followed by incubation with primary mouse monoclonal wild-type p53 antibody (dilution, 1:500; cat. no. 178924) overnight at 4°C, after washing. Membranes were then incubated with HRP-labeled goat anti-mouse secondary antibody (dilution, 1:2,000; cat. no. 197302) for 1 h at room temperature. After washing, a gel imaging system was used to detect protein signals. β-actin was used as the endogenous control and ImageJ software was used to quantify protein expression.

### MTT assay

MW, MP and MG-63 cells under healthy growth conditions were collected at the logarithm growth period and digested with trypsin to prepare cell suspensions. Cells in suspension were seeded in 96-well plates and MTT reagent was added 1--6 days later. After adding the MTT reagent, cells were cultured at 37°C with 5% CO~2~ for an additional 4 h, followed by the addition of DMSO to stop the reaction. The 96-well plates were placed in a microplate reader and the absorbance value of each well was measured at 490 nm to calculate the survival rate and construct the growth curve.

### Flow cytometry

MW, MP and MG-63 cells were digested with trypsin, followed by centrifugation to remove the medium and obtain cell pellets. The cell cycle assay kit for flow cytometry and the flow cytometer were used for the cell cycle analysis.

### Immunohistochemistry

The expression of mutant p53 in osteosarcoma was detected by immunohistochemistry. A total of 65 paraffin-embedded osteosarcoma tissue samples were selected in Jingmen No. 2 People\'s hospital. The samples were diagnosed by pathological diagnosis and were classified into different differentiation levels: High, 17 cases; moderate, 25 cases; and low differentiation, 23 cases. Paraffin-embedded osteosarcoma tissue samples were sectioned at a thickness of 5 µm. Immunohistochemical staining was performed using the SP method ([@b13-ol-0-0-6747]) to detect the expression of mutant p53 protein in osteosarcoma tissues with different pathological grades. PBS was used as the negative control of the primary antibody. A double-blind method was used to observe the signals. Five high-power microscopic fields were randomly selected for observation. Brown particles within the nucleus represented positive signals. Specific criteria for the determination of mutant p53 expression are shown in [Table II](#tII-ol-0-0-6747){ref-type="table"}.

### Statistical analysis

Data are presented as percentage and one-way ANOVA was performed using SPSS 13.0 statistical software (SPSS, Inc., Chicago, IL, USA) for comparisons between groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Expression of WWOX and p53 (wild-type) mRNA in the three groups of cells

qPCR analysis showed that the expression of WWOX mRNA was increased in MW cells compared with the blank control group and the expression of p53 (wild-type) mRNA was increased in MP cells compared with the blank control group ([Fig. 1](#f1-ol-0-0-6747){ref-type="fig"}).

### Expression of WWOX and p53 (wild-type) protein in the three groups of cells

Western blot analysis showed that the expression of WWOX and p53 (wild-type) protein in the transfected cells was higher than those in the control group and the increased protein expression was consistent with the increased mRNA expression ([Fig. 2](#f2-ol-0-0-6747){ref-type="fig"}).

### The effect of WWOX and p53 (wild-type) on the proliferation of MG-63 cells as determined by MTT assay

The cell survival rates of MW and MP cells at 1--6 days after the beginning of incubation are shown in [Table III](#tIII-ol-0-0-6747){ref-type="table"} and the growth curve is shown in [Fig. 3](#f3-ol-0-0-6747){ref-type="fig"}. The survival rates of MW and MP cells were significantly lower than those of the blank control group at each time point (P\<0.05). As shown in [Table III](#tIII-ol-0-0-6747){ref-type="table"} and [Fig. 3](#f3-ol-0-0-6747){ref-type="fig"}, the two genes showed significant inhibitory effects on MG-63 osteosarcoma cells at 3 days after the beginning of incubation.

### Changes of the cell cycle after WWOX and p53 (wild-type) gene transfection

Flow cytometric analysis showed that MW and MP cells were blocked in the G0/G1 phase, suggesting that overexpression of the WWOX and p53 (wild-type) genes causes cell cycle arrest of MG-63 osteosarcoma cells at the G0/G1 phase ([Table IV](#tIV-ol-0-0-6747){ref-type="table"}).

### Immunohistochemical analysis of the expression of mutant p53 in osteosarcoma tissue

The mutant p53 protein is located in the nucleus and the brown particles observed after immunohistochemical staining represented positive signals. Microscopic observation showed that the positive expression rate of mutant p53 protein in 65 cases of osteosarcoma was 47.7% and the positive expression rate was related to pathological grade. According to the criteria for determination, the expression status of the mutant p53 protein in each pathological grade of osteosarcoma is summarized in [Table V](#tV-ol-0-0-6747){ref-type="table"} and the positive expression rates of the mutant p53 protein in each pathological grade are shown in [Fig. 4](#f4-ol-0-0-6747){ref-type="fig"}. The highest positive expression rate of mutant p53 was found in low differentiation osteosarcoma tissue and the positive expression rate of mutant p53 protein decreased with increased degree of tumor malignancy.

Discussion
==========

The diagnosis and treatment of osteosarcoma at the genetic level is an area of intense research. Studies have shown that tumor suppressor genes can inhibit tumorigenesis and tumor growth ([@b14-ol-0-0-6747]). Therefore, in the present study, we investigated the functions of two classic tumor suppressor genes, p53 and WWOX, at the molecular level to explore the correlation between the two genes and osteosarcoma.

WWOX is a tumor suppressor gene with a length of approximately 1.1 Mb. Studies have shown that the WWOX gene plays an important role in preventing tumorigenesis and tumor growth. WWOX can function as a transcription factor to regulate tumor metastasis and growth by regulating the expression of various genes ([@b15-ol-0-0-6747]) and reduced expression of the WWOX gene can cause tumorigenesis and promote the growth of osteosarcoma ([@b16-ol-0-0-6747]).

P53 is another well-known tumor suppressor gene. The main role of p53 is to induce apoptosis and affect the cell cycle ([@b17-ol-0-0-6747]). The p53 gene exists as two types - wild and mutant and the two types have different functions ([@b18-ol-0-0-6747]). Because of the short half-life, the p53 (wild-type) protein cannot be easily detected by immunohistochemistry ([@b19-ol-0-0-6747],[@b20-ol-0-0-6747]). However, mutant p53 can be detected by immunohistochemistry because of a long half-life. In this study, p53 (wild-type) and mutant p53 were studied. The two transfected MG-63 osteosarcoma cell lines, which stably expressed the WWOX and p53 (wild-type) genes, were constructed and named the MW and MP cell lines, respectively. Measurement of the levels of mRNA and protein in the two groups showed that WWOX and p53 were stably expressed in the cell lines and the two groups of transfected cells were therefore suitable for use in subsequent experiments.

Based on the successful establishment of the MW and MP cell lines, we simultaneously studied the effects of the WWOX and p53 (wild-type) genes on MG-63 osteosarcoma cells via *in vitro* experiments. The growth rates of MG-63 cells transfected with the WWOX or p53 (wild-type) gene overexpression plasmids were reduced and flow cytometric analysis showed that overexpression of the WWOX and p53 (wild-type) genes can arrest MG-63 cells in the G0/G1 phase of the cell cycle. These results indicate that the WWOX and p53 (wild-type) genes can inhibit the proliferation of osteosarcoma cells by affecting the cell cycle.

Immunohistochemical analysis showed that the wild-type and mutant p53 genes have completely opposite functions. Mutant p53 was highly expressed in osteosarcoma and its expression was positively related to the pathological grade of osteosarcoma.

In conclusion, detection of the expression of the WWOX and p53 genes has great clinical value in the diagnosis, prevention and treatment of osteosarcoma. The WWOX gene can effectively prevent the growth of osteosarcoma, which is beneficial for the diagnosis and treatment of the disease. The p53 gene exists as two different types, where the wild-type p53 gene has the same function as WWOX in osteosarcoma, and the mutant p53 gene has important clinical value in the determination of the degree of malignancy of osteosarcoma.

![The expression of WWOX and wild-type p53 mRNA. qPCR analysis showed that the expression of (A) WWOX mRNA was increased in MW cells compared with the blank control group and the expression of (B) wild-type p53 mRNA was increased in MP cells compared with the blank control group. \*Compared with the control group, P\<0.05.](ol-14-04-4779-g00){#f1-ol-0-0-6747}

![(A and B) Expression of WWOX and wild-type p53 protein in MW and MP cells, respectively. (C) Western blot analysis showed that the expression of WWOX protein in the MW cell line was significantly higher than in the control group and the expression of wild-type p53 protein in the MP cell line was significantly higher than in the control group. Representative western blot analysis. Comparison of the relative protein levels between the control group and experimental groups. Compared with the control group, \*P\<0.05.](ol-14-04-4779-g01){#f2-ol-0-0-6747}

![Growth curves of MW and MP cells. The results of MTT assay showed that the WWOX gene inhibited the proliferation of MG-63 osteosarcoma cells; (A) the wild-type p53 gene inhibited the proliferation of MG-63 osteosarcoma cells; (B) after 3 days of incubation, significant inhibitory effects of these genes on MG-63 osteosarcoma cells was observed. Compared with the blank control at each time point, P\<0.05.](ol-14-04-4779-g02){#f3-ol-0-0-6747}

![The positive expression rate of p53 according to osteosarcoma pathological grade.](ol-14-04-4779-g03){#f4-ol-0-0-6747}

###### 

Primer sequences.

  Genes   Forward (5′-3′)         Reverse (5′-3′)
  ------- ----------------------- -----------------------
  WWOX    TCCTCAGAGTCCCATCGATTT   CGGCAGCAGTTGTTGAAGTA
  p53     TACTCCCCTGCCCTCAACAAG   CGCTATCTGAGCAGCGCTCAT
  GAPDH   CATGCCATCACTGCCACCCA    TTGACAAAGTGGTCGTTGAG

###### 

Criteria for the determination of mutant p53 expression.

  The proportion of positive cells (%)   Classification
  -------------------------------------- ----------------
  \<5                                    −
  5--25                                  \+
  26--50                                 ++
  \>50                                   +++

###### 

Survival rates of MW and MP cells (%).

  Days of incubation    1                                                 2                                                 3                                                 4                                                 5                                                 6
  --------------------- ------------------------------------------------- ------------------------------------------------- ------------------------------------------------- ------------------------------------------------- ------------------------------------------------- -------------------------------------------------
  Blank control group   100                                               100                                               100                                               100                                               100                                               100
  MW                    92^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   82^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   54^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   63^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   74^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   81^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^
  MP                    90^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   84^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   59^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   69^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   72^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^   74^[a](#tfn1-ol-0-0-6747){ref-type="table-fn"}^

Compared with the blank control at each time point, P\<0.05.

###### 

The cell cycle of MW and MP cells (mean ± standard deviation).

  Groups    G0/G1 (%)     S (%)         G2/M (%)
  --------- ------------- ------------- --------------
  Control   24.07±1.235   45.49±0.987   25.45±0.912
  MW        78.49±2.392   12.01±1.209     8.30±0.462
  MP        66.76±0.235   19.96±0.689   11.34±0.764

###### 

The expression status of p53 (mutant) protein in each pathological grade of osteosarcoma.

  Pathological grade               Case   Positive (cases)   Negative (cases)   Positive rate (%)
  -------------------------------- ------ ------------------ ------------------ -------------------
  High differention                17       5                12                 29.4
  Moderate differention            25     10                 15                 40.0
  Low differention                 23     16                   7                69.6
  Total positive expression rate                                                47.7

[^1]: Contributed equally
